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Abstract
As the key organism for enhanced biological phosphorus removal, Accumulibacter has shown high intragenus diversity based on
the phylogeny of polyphosphate kinase1 gene (ppk1) and many clade-specific features related to performance of wastewater
treatment. However, the widely used molecular approaches are deficient or cost-inefficient in providing a comprehensive and
quantitative population-level profile for Accumulibacter in complex community. In this study, we introduced a pipeline to analyze
the population-level diversity and dynamics of Accumulibacter via high throughput sequencing (HTS) of ppk1 and 16S rRNA
gene simultaneously. The HTS approach was assessed by testing primer coverage, performing sample replication, and comparing
with a traditional clone library. Based on survey on full-scale activated sludge samples, unexpected high microdiversity in
Accumulibacter and a tendency of exclusivity between two phylogenetic types were discovered. Moreover, the pipeline facili-
tated monitoring the population-level dynamics and co-occurrence pattern under various laboratory enriching conditions. The
results revealed previously uncharacterized intraclade dynamics during enrichment, little effect of denitrifying process on the
Accumulibacter diversity, and the niche adaption of Clade IIC on propionate as sole carbon source. Co-occurrence of
Accumulibacter populations further partially supported the exclusivity of two types. A few bacterial taxa, including
Cytophagaceae-, Prosthecobacter-, and Compteibacter-related taxa, showed co-occurrence with many Accumulibacter popula-
tions, suggesting their niche co-selection or potential metabolic interactions with Accumulibacter. The present pipeline is
transplantable for studying microdiversity and niche differentiation of other functional microorganisms in complex microbial
systems.
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Introduction
Nutrient removal in wastewater is essential for environmental
health. The process of enhanced biological phosphorus removal
(EBPR) fundamentally relies on specialized microbial taxa with
the metabolic behavior of excessive phosphate accumulation
(Nancharaiah et al. 2016; Oehmen et al. 2007; Slater et al.
2010). So far, themostwell-studied polyphosphate-accumulating
organism (PAO) is Candidatus Accumulibacter (hereafter re-
ferred to as Accumulibacter), which has no cultured representa-
tives within Betaproteobacteria (Barr et al. 2016; Garcia Martin
et al. 2006; Oyserman et al. 2016; Skennerton et al. 2015).
Considering the poor intragenus taxonomic resolution of the
16S rRNA gene, the functional gene of polyphosphate kinase1
(ppk1) has been referred in phylogenetic analysis within the ge-
nus (He et al. 2007). Diverse clades belonging to two types have
been classified in this genus with different niche differentiation
features (Peterson et al. 2008). At present, 14 clades were
assigned in Accumulibacter, with 5 and 9 clades belonging to
types I and II, respectively (Mao et al. 2015). Continuous studies
focused on the type- and clade-specific phenotypes and practical
performance (e.g., suitability to oxygenic conditions, tempera-
ture, capability of denitrification, tolerance to phosphate concen-
tration.) in full- and laboratory-scale EBPR systems are present
(Albertsen et al. 2012; Camejo et al. 2016; Nurmiyanto et al.
2017; Ong et al. 2013; Saad et al. 2016; Welles et al. 2016).
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For example, a recent study provided the first integrated omics
evidence that a strain from clade I-C is a denitrifier under
microaerobic condition containing complete denitrification genes
(Camejo et al. 2019). ppk1 is also a single-copy gene in this
genus (GarciaMartin et al. 2006; Skennerton et al. 2015), thereby
supporting its suitability in quantifyingmultiple population abun-
dances within the genus.
Researchers have applied many techniques to identify and
quantify the type or clade-level population for environmental
samples containing Accumulibacter. The construction of the
clone library of the ppk1 PCR amplicon generated from con-
served primer set is the most widely used approach, by which
typically dozens of colonies are randomly selected, and se-
quences are obtained for the overall population-level profile
of one sample (Mao et al. 2015; Peterson et al. 2008).
However, this method suffers from high cost, low throughput,
and poor detectability when dealing with large sample sets and
subdominant populations. The methods of restriction enzy-
matic digestion and clade-specific quantitative PCR are time
efficient (Camejo et al. 2016; Slater et al. 2010; Zhang et al.
2016). However, they may be unreliable, because these
methods generally cannot obtain the full image of all potential
Accumulibacter clades in samples without preliminary knowl-
edge. Unknown cross-talking and coverage for the clade-
specific restriction enzymes and primers can introduce other
biases. rRNA-based fluorescence in situ hybridization (FISH)
is the exclusive solution to study the morphology and spatial
distribution of Accumulibacter (Flowers et al. 2009; Li et al.
2019). However, it can hardly distinguish all clades because
no precise and comprehensive linkage between 16S rRNA
genes and ppk1 sequences for most clades can be constructed.
The false positive of the FISH technique on Accumulibacter
determination has been observed due to the hybridization with
phylogenetically close taxa (Albertsen et al. 2016). As a state-
of-the-art approach, direct metagenomic sequencing has also
provided valuable information to understand the genomic di-
versity of this genus (Skennerton et al. 2015). However, direct
metagenomic sequencing also suffers from high cost and po-
tential deficiencies in the presence of microdiversity
(Albertsen et al. 2012).
As a cost-effective method for comparing the clone library,
the high throughput sequencing (HTS) of the functional gene
amplicon other than 16S rRNA genes has been used to profile
many functional taxa, such as nitrogen cycling and methane
oxidization groups in complex environmental samples (Kip
et al. 2011; Remmas et al. 2016). In most cases, the targeted
gene (e.g., denitrification genes) is not limited to a certain
taxonomic lineage to obtain a comprehensive profile.
However, a study profiling the nitrite oxidoreductase gene in
the genus Nitrospira has shown an unexpectedly high
intragenus heterogeneity within a single activated sludge
(AS) sample (Gruber-Dorninger et al. 2015). This result indi-
cated a previously ignored microdiversity for functional taxa
that co-occurred in the complex systems. In this study, we
propose to test a pipeline in analyzing the population diversity
and dynamics of Accumulibacter on the basis of HTS of 16S
rRNA and ppk1. This pipeline can be used in the unambigu-
ous determination of population-level diversity and dynamics
of Accumulibacter and may serve as an example for studying
the microdiversity and niche differentiation of the functional
taxa in complex microbial systems.
Materials and methods
AS samples
In this study, AS samples were collected from full-scale
WWTPs and laboratory EBPR bioreactors. AS samples (100
mL) from seven WWTPs in seven distantly separated cities in
China (designated as YC, SY, PJ, HZ, CD, ZB, and XA) were
fixed with 50% ethanol (final concentration, referred to Zhang
et al. 2012) on site and stored at − 20 °C before DNA extrac-
tion (Table S1). Duplicate biomass for six AS samples (except
for XA) were analyzed to examine the reproducibility for the
analytic pipeline.
EBPR bioreactors were operated in laboratory under vari-
ous conditions. One 3-L mother reactor (MR) was kept run-
ning, with a basic setting following the information on Vargas
et al.’s (2009) study. Since April 2016, the approach was
modified by using acetate and propionate (each having the
same chemical O demand concentration) as the C source.
Six samples within 730–797 days after the starting day were
collected. Five 1-L reactors were inoculated from MR and
kept running for approximately 5 weeks under various condi-
tions, including continuous aeration (R1), control treatment
(R2, essentially the same as MR), NH3 oxidization inhibition
(R3), and the use of acetate (R4) and propionate (R5) as the
sole C sources. To monitor the operational performance of the
five bioreactors (R1–R5), we measured PO4–P, NH3–N, and
NO3–N according to the standard methods (APHA 1998).
Another 1-L reactor (designated as R′) was inoculated with
seed AS from a full-scale WWTP (located in Xiamen
University, Xiamen; the XA sample was mentioned above).
All the AS samples from the bioreactors were fixed with 50%
ethanol and stored at − 20 °C before DNA extraction (see
Figure S1 for the details on operational and sampling
information).
DNA extraction
DNA extraction was performed using the FastDNA SPIN kit
for Soil (Mpbio, USA) following the manufacturer’s instruc-
tion. The DNA quantity and quality were evaluated by the
OD260 and OD260/OD280 ratio with a microspectrophotometer
(NanoDrop, ND-1000, Thermo Scientif ic, USA),
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respectively. The OD260/OD280 ratios of all DNA samples
ranged from 1.7 to 1.9.
Designing HTS primer set targeting
on Accumulibacter ppk1
According to two previous studies (Mao et al. 2015; Peterson
et al. 2008), 29 ppk1 sequences representing the known 14
clades were obtained from the GenBank. The ppk1 sequences
from 13 available Accumulibacter genomes were added
(Camejo et al. 2019; Garcia Martin et al. 2006; Mao et al.
2014; Skennerton et al. 2015). The ppk1 sequences from
Rhodocyclus tenius, Propionivibrio sp., and Dechloromonas
agitata (accession nos. AF502199, FLQY01, and JEAT01 in
NCBI) were referred as the outgroup. Most of the available
ppk1 sequences of Accumulibacter were generated from the
254F and 1376R primer sets (He et al. 2007). Thus, only the
suitable primer within the region can be effectively searched.
A conserved reverse primer (526R: 5′-RTTGAGRCTCTTGT
TGA-3′) was designed. We used 254F and 526R to perform
the PCR amplification of ppk1 for Accumulibacter.
PCR amplification of 16S rRNA gene from total
bacteria and ppk1 from Accumulibacter
The conditions of the PCR amplification for the V4 region of the
bacterial 16S rRNA gene (V4F and V4R) and the long fragment
of Accumulibacter ppk1 (by using primers 254F and 1376R)
were referred to the references (Kozich et al. 2013; Mao et al.
2015). For the short fragment of ppk1, the PCR condition was
also referred to the V4 amplification with modified Tm at 50 °C.
The 8 nt barcode and 2 nt linker sequence were added to the 5′-
end of the primers for V4 (V4F-XXXXXXXXGTGTGC
CAGCMGCCGCGGTAA and V4R-XXXXXXXXCCGGAC
TACHVGGGTWTCTAAT) and short fragment of ppk1 (254F-
XXXXXXXXCTCACCACCGACGGCAAGAC and 526R-
XXXXXXXXTTRTTGAGRCTCTTGTTGA) in multiplying
andminimizing the barcode-introduced PCRbiases, respectively.
We used unique dual barcodes for each sample to minimize
cross-talking among samples (MacConaill et al. 2018). Any 8
nt barcode, regardless of the added forward or reverse primer,
was only assigned to one samplewithin a sequencing library. The
PCR products for each sample were purified and pooled with
equal mass before library construction.
HTS and data cleaning
After HTS library construction, the HTS for the amplicons of
the 16S rRNA gene V4 region and ppk1 were performed on
the ILLUMINA HiSeq 2500 platform with PE250 strategy
(commercial service of Novogene, Beijing, China). The raw
sequencing data was prefiltered by requiring the average Q
value of > 15 within any 4 nt window.
Pipeline for analysis of population-level diversity
of Accumulibacter
A diagram for the pipeline was elucidated in Figure S2. To
profile the population-level diversity and community structure
for Accumulibacter, we determined the zero-radius operation-
al taxonomic units (zOtus, hereafter referred to as Otus) for V4
and ppk1 amplicon by combining Mothur and USEARCH
programs (Edgar 2010; Kozich et al. 2013). The pipeline
was described as follows. For rRNA gene or ppk1, the
paired-end reads were merged into tags and demultiplexed
to certain sample according to the dual barcodes (default set-
ting in Mothur). The combined file containing all primer-free
tags was introduced to USEARCH to denoise the sequencing
errors by using the UNOISE2 algorithm with default settings
(Edgar 2016b). UCHIME2 algorithm was utilized to remove
chimeras (Edgar 2016a). The zOtu tables were generated, and
possible cross-talking was further cleaned by the UNCROSS2
algorithm in the USEARCH (Edgar 2018). Then, we per-
formed data analysis for 16S rRNA gene and ppk1 divergently
to classify or annotate the zOtu representatives.
For the 16S rRNA gene, we classified all zOtus in the
Mothur program (default setting via classify.seqs command)
by referring to the EzBioCloud database, which consists of all
strains and clustered molecular species containing
Accumulibacter (Yoon et al. 2017). The nonbacterial se-
quences were removed from the zOtu table. Then, the sam-
pling depth was normalized to 10,000 for each sample. The
relative abundance of Accumulibacter in the total bacteria was
calculated by adding the relative abundances of all Otus clas-
sified as Accumulibacter.
For the ppk1 sequences, we extracted all zOtu sequences
and performed BLASTN against a customized database of
ppk1 from Accumulibacter (BLASTN). The database
contained 42 ppk1 sequences from 14 Accumulibacter clades
as mentioned above. A considerable number of the reference
sequences did not contain the first 35 nucleotides after 254F.
Thus, all references were trimmed accordingly, and the align-
ment length for a primer-free HTS amplicon sequence should
be 201 nt against the references. Sequences passed through a
threshold with > 190 nt alignment length (95% length of the
primer-free amplicon), and 81% similarity to any reference
was kept for downstream analysis. The similarity cut-off was
determined according to an investigation of the intragenus
similarity for Accumulibacter ppk1. Within the 254F–526R
region of the 45 references (including the three out-groups),
for any sequence from Accumulibacter, the closest similarity
to another intragenus sequence was ≥ 81%, while it was <
79% in any outgroup. Then, the sampling depth was also
normalized to 10,000 for each sample. Two relative abun-
dances can be calculated based on the zOtu tables of ppk1
and V4. One was the certain Accumulibacter population to
total Accumulibacter, and the other was the certain
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Accumulibacter population to total bacteria by referring to the
relative abundance of all Accumulibacter to total bacteria.
Comparison of HTS data and results from clone library
Two AS samples (i.e., YC and HZ) were chosen to compare
the results fromHTS and clone library. The construction of the
clone libraries was performed in accordance with the study of
Mao et al. (2015). To compare the HTS result with that of
clone libraries, we first trimmed the 254F-526R primer-free
fragments of the clone sequences and clustered into 0.995-
level Otus , thereby al lowing one different s i te .
Representative sequences were selected and combined as the
reference database. Then, each ppk1 Otus from HTS was
searched using BLASTN against the database and only hit
with > 99.5% similarity. A 235 nt alignment length was main-
tained. The shared and unique sequences were determined,
and their abundances were calculated for each method.
Data analysis and visualization
Average nucleotide identity (ANI) calculation for
Accumulibacter genome pairs was performed according to
the MiSI method (Varghese et al. 2015). Α- and β-diversity
analyses were performed inMothur (Kozich et al. 2013). PCA
analysis for V4 and ppk1 data was visualized using the
Phyloseq package following the pipeline of Microbiota
Analysis in R (McMurdie and Holmes 2013; https://rpubs.
com/dillmcfarlan/R_microbiotaSOP). The construction of
the phylogenetic tree and calculation of distances between
sequences were realized in the MEGA 7.0 software (Kumar
et al. 2016). Heatmap was drawn in R by using the pheatmap
package (https://CRAN.R-project.org/package = pheatmap).
Co-occurrence analysis was performed essentially according
to Ju and Zhang (2015). Only correlations with Spearman
coefficient were > 0.7 or ≤0.7 (P < 0.01) was kept before
visualization in the Gephi program (Bastian et al. 2009).
Results
Evaluation of primer 526R according to reference
sequences
As shown in Fig. 1(a), primer 526R perfectly matched nearly all
the 42 ppk1 references from Accumulibacter except for
EU432714.We downloaded 1,024 dereplicated ppk1 sequences
of Accumulibacter from NCBI nucleotide database, and > 94%
of the ppk1 sequences can perfectly match with the primer.
Moreover, > 99% of them had no mismatch within the initial
8 nt of the 3′ region (data not shown). Therefore, this primer
theoretically can cover most of the known Accumulibacter pop-
ulations. 526R can also perfectly match the ppk1 from R. tenuis
and Dechloromonas agitate. However, the 3′-end mismatch of
primer 254F determined the unavailability of the amplification
to out-groups. According to the sequence comparison, ppk1
from the well-known Accumulibacter can be specifically ampli-
fied using 254F and 526R.
Given that 13 Accumulibacter genomes with their ppk1 are
collected in the database, we also examined whether the dis-
tance of ppk1 is related to the genomic divergence for any of
the two Accumulibacter strains. As shown in Fig. 1(b), strong
correlations were found between the similarities of both am-
plifying regions (254F-1376R and 254F-526R) and genomic
ANI value and between the similarities of the two amplifying
regions. The 254F-526R amplicon can generally represent the
genomic divergence between Accumulibacter strains. Short
254F-526R amplicon exhibited higher divergences than long
254F-1376R amplicon because the distance of the former was
1.18-fold higher than that of the latter on average. The only
intraspecies pair (LBIV01 vs. JDST02, ANI = 99.8%) had a
detectable divergence between their ppk1 sequences (~ 3%),
thereby suggesting that the gene can have a taxonomic reso-
lution below the species level at least in some cases.
HTS profiling Accumulibacter diversity in AS
from full-scale WWTPs
Figure 2(a) shows that according to the V4 data, all seven full-
scale AS samples (with duplications) had relatively low
Accumulibacter abundances in the total bacterial community.
The percentages were > 1% only in two samples, namely XA
and YC, whereas those of other samples varied from 0 to
0.37%. These abundances were close to the results of previous
reports on non-EBPR full-scale AS samples (Mao et al. 2015).
Sample CD-II had no Accumulibacter detected in the V4 data,
whereas the ppk1 amplification and sequencing succeeded.
This result agreed that lineage-specific gene was more sensi-
tive than the universal gene if the sequencing depth was the
same. The detected number of Accumulibacter Otus for the
V4 data was overall positively correlated with the number of
ppk1 Otus. However, the latter was generally 8- to 12-fold
higher than the former, thereby indicating the low resolution
of the V4 data. According to the ppk1 data, 143 Otus was
detected in all seven samples, each of which contained 6–78
ppk1Otus. All 14 clades had hits if all samples were combined
together. The populations in 11 clades (except for I-D, I-E, and
II-I) exhibited > 1% relative abundances at least in one sample
(total Accumulibacter, according to ppk1 data only).
Except for the CD sample, all DNA-level duplicates also
exhibited high reproducibility, which validated the technical
robustness of the pipeline (Figure S3). The variation in the CD
sample should be attributed to the extremely low abundance
of Accumulibacter, as revealed by the V4 data (Fig. 2(a)).
Although the most ppk1Otu sequences shared > 90% sim-
ilarity to the database references, 16 of these sequences shared
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< 90% similarity to any subject (Fig. 2(b)). The latter popula-
tions represented novel clades compared with the 14 known
ones. For each sample, the sequences were also clustered
based on their similarity. As shown in Fig. 2(c), the samples
with zero-radius Otus also contained clustered ones. At the
distance cut-off of 0.09, 5–17 Otus were still detected in each
of the seven samples, thereby suggesting a conservation pool
containing phylogenetically divergent Accumulibacter popu-
lations in each AS. We calculated the relative abundance of
types I and II populations in each sample. A negative distri-
bution pattern showed two types that were nearly exclusively
dominant in all samples (Fig. 2(d)).
Comparing HTS and clone library results
Two AS samples, namely HZ and YC, with relatively high
Accumulibacter population-level diversity, were determined by
HTS profiling and selected for clone library construction. For 62
clone sequences (31 each from HZ and YC), only three clone
sequences had mismatches with the 526R primer, and the mis-
matches were all located in the middle or 5′-region of the primer.
All the three clone sequences can be found in the HTS dataset,
thereby indicating PCR’s potential fault tolerance. Ten and
thirteen clone representatives (dereplicate similar sequences with
> 99.8% similarity) were compared with HTS Otus for HZ and
YC, respectively. All clones except for HZ19 and YC35 were
detected in the HTS data. Further examination proved that YC35
was found in the original HTS data but subsequently removed in
the pipeline due to its extremely low abundance (0.01% in the
original data). Comparing the HTS quantification results with
that of the clone libraries showed that they were overall compa-
rable for most populations, especially the dominant ones (Fig. 3).
However, eight and seven HTS Otus with relative abundance of
> 1% in HZ and YC, respectively, were undetected in clone
libraries and are relatively set apart from those with the rare
Otus of < 1% (42 and 59 for HZ and YC, respectively).
HTS profiling population-level dynamics
of Accumulibacter in laboratory bioreactors
As shown in Fig. 4(a), the AS for seeding the bioreactor R′
contained < 1% Accumulibacter in the total bacteria. The
original AS and subsequent samples from this bioreactor ex-
hibited dominant type II populations. After enrichment for
only 7 days, the genus increased to 4.3% in total bacterial
community, thereby suggesting a rapid growing response to
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Fig. 1 Phylogenetic tree of selected representatives from 14
Accumulibacter clades (a) and regression analysis of distances among
ppk1 sequences and ANI values for genomic pairs (b). The maximum
likelihood tree was constructed using the TN92 +G + I model, which was
determined as the best model tested in MEGA 7.0. The data involved in
the regressions were only for those ppk1 sequences extracted from 13
genomes. The pairs with the ANI of < 70% were removed
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the cultivation condition. However, the percentages kept at 3–
4% until 29 days and then increased to 7% in day 36.
Although the Accumulibacter percentage was relatively stable
within 7–29 days, the population-level community structure
significantly changed (Fig. 4(a)). The changes among popu-
lations within the same clade were unexpected. Otu4 that was
affiliated with clade II-C gradually increased with the
enriching period, whereas the other clade II-C population, that
is, Otu8, decreased during the same period. Meanwhile, the
three clade II-F populations, namely Otu21, Otu17, and
Otu33, displayed increased and decreased relative stability
from day 14 to day 36. In addition to the intraclade variations,
the two Otus of clades II-A continuously increased during the
enriching period. A dominant population in the original AS
belonged to clade II-H, which is a recently proposed clade that
has not been reported in previous studies on laboratory enrich-
ment (Mao et al. 2015; Zhang et al. 2016). However, this
population decreased rapidly in the laboratory system and
reached an undetectable level at day 36. Our results suggested
that this clade seemed uniquely present in the full-scale
WWTPs. The extinction of this clade in the enrichment
systems may be due to the missing essential factors or to the
unsuitable conditions.
Compared with the initial enrichment above, the dynamics
ofAccumulibacter populations in the long-termmaintainedMR
from 730 days to 797 days were relatively simple (Fig. 4(b)).
The top population shifted from a I-A strain to a II-F strain. Five
bioreactors were inoculated fromMR. There was a rapid loss of
Accumulibacter due to the continuous aeration in R1, whereas
the four other bioreactors that were inoculated fromMR exhib-
ited an overall similarity for most Accumulibacter populations
(Fig. 4(c), (d)). Operational parameters verified the P removal
deterioration in R1 and nitrification inhibition in R3
(Figure S4). R2 (control), R3 (no denitrification), and R4 (fed
with acetate only) exhibited similar dynamic tendencies of the
Accumulibacter populations. The process of denitrification had
minimal effects on the Accumulibacter dynamics, because the
difference between R2 and R3wasminimal. R5, which was fed
with propionate as the sole C source, exhibited a much lower
abundance of the two II-F populations (i.e., Otu2 and Otu9) and
higher abundance of II-C (Otu4 andOtu5) than those in R2, R3,
and R4. The variation of the major bacterial community in R1-
0
20
40
60
80
100
0
2
4
6
8
10
v4
ppk1
0
0.5
1
1.5
0
20
40
60
80
100
100 100-95 95-90 90-81
Similarity
0
20
40
60
80
100
un
iq
ue
0.
01
0.
02
0.
03
0.
04
0.
05
0.
06
0.
07
0.
08
0.
09
XA YC-I
SY-I PJ-I
HZ-I CD-I
ZB-I
Similarity Cutoff
0
0.5
1
ZB-I SY-I YC-I PJ-I HZ-I XA CD-I
Type-II
Type-I
a b
c
d
 fo egatnecreP Ac
cu
m
ul
ib
ac
te
r
 4V fo .o
N
zO
TU
N
o. of ppk1 
zO
TU
s
SamplesSamples
Re
la
v
e 
ab
un
da
nc
e
Fig. 2 Population-level diversity of Accumulibacter in seven AS
samples. (a) Relative abundance, number of V4 and ppk1 Otus, and
distribution of diverse Accumulibacter populations in the samples. (b)
Distribution of similarity between ppk1 Otus and references. (c)
Number of clustered Otus at different similarity cut-offs for the ppk1
sequences that were detected in each sample. (d) Relative abundance of
types I and II populations. Percentage data to generate the heatmap in
panel A were transformed as log2 (x + 1), where x is the relative
abundance of certain Otu to total Accumulibacter
Appl Microbiol Biotechnol (2019) 103:9711–97229716
0
20
40
60
80
100
M
R
_0
d
R
1_
5d
R
1_
12
d
R
1_
17
d
R
1_
22
d
R
1_
26
d
R
1_
33
d
R
2_
5d
R
2_
12
d
R
2_
17
d
R
2_
22
d
R
2_
26
d
R
2_
33
d
R
3_
5d
R
3_
12
d
R
3_
17
d
R
3_
22
d
R
3_
26
d
R
3_
33
d
R
4_
5d
R
4_
12
d
R
4_
17
d
R
4_
22
d
R
4_
26
d
R
4_
33
d
R
5_
5d
R
5_
12
d
R
5_
17
d
R
5_
22
d
R
5_
26
d
R
5_
33
d
 fo ecnadnuba evitale
R
retcabilu
mucc
A
%
Otu1_EU432673_I-A Otu4_LBIV01_II-C
Otu2_EU433172_II-F Otu5_JDVG02_II-C
Otu6_EU432892_I-E Otu9_EU433172_II-F
Others
0
20
40
60
80
100
MR_730d MR_744d MR_762d MR_781d MR_793d Mr_797d
R
el
at
iv
e 
ab
un
da
nc
e 
of
 
A
cc
um
ul
ib
ac
te
r%
Samples
Otu2_EU433172_II-F Otu1_EU432673_I-A
Otu6_EU432892_I-E Otu10_EU432880_I-B
Otu11_EU432892_I-E Otu5_JDVG02_II-C
Others
0
4
8
12
16
R'_0d R'_7d R'_14d R'_22 R'_29d R'_36d
 fo ecnadnuba evitale
R
retcabilu
mucc
A
%
Samples
Otu13_EU432749_II-A Otu4_LBIV01_II-C
Otu14_EU433160_II-B Otu27_KP738013_II-H
Otu17_JFAX01_II-F Otu8_JDSS02_II-C
Otu33_JEMZ01_II-F Otu21_JFAW01_II-F
Otu29_JDVG02_II-C others
Samples
a b
c d
Otu1: EU432673_I-A
Otu2: EU433172_II-F
Otu24: EU432749_II-A
Otu25: EU432749_II-A
Fig. 4 Population-level dynamics of Accumulibacter during laboratory
reactor enrichment. Bioreactors including R′ enriched from a seed AS
from a full-scale WWTP (a), MR that was maintained in the laboratory
for a long time (b) and five (R1–R5) under various conditions (c and d).
The biplot of the Unifrac distance–based principal component analysis
was built for the samples collected at days 0, 12, 22, and 33 for the five
bioreactors (d). The 33-day sample of R1 was excluded because the
Accumulibacter that was detected in the V4 dataset was extremely low
0
0.05
0.1
0.15
0.2
0.25
0
0.05
0.1
0.15
0.2
0.25
0.3
clone library
otus in HTS
HZ
YC
Fig. 3 Comparison of
Accumulibacter community
structure as determined by clone
library and HTS profiling for HZ
and YC samples. All clone library
sequences (31 each for HZ and
YC) were listed after clustering at
99.5% similarity (allowing 1
mismatch) for their 254F-526R
primer-free region. The HTS Otus
corresponding to the clone
sequences were determined by
requiring > 99.5% similarity
(allowing 1 mismatch) for the 235
nt primer-free region. The listed
HTS Otus that were undetected in
the clone library showed the
relative abundance of total
Accumulibacter of > 1%
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R5 is also listed in Table S2 and Figure S5, which showed that
Plasticicumulans-related taxa rapidly outcompeted
Accumulibacter in R1.
PCA for V4 and ppk1 datasets displayed a non-unidirectional
dynamic of the bacterial community and Accumulibacter popu-
lations, respectively (Figs. 4(d) and S4). Along with the overall
similar development of Accumulibacter diversity in R2, R3, and
R4 bioreactors, the dynamics of Accumulibacter populations can
be at least partially governed by biotic factors, such as the dy-
namics of other bacterial taxa. Given that the analytic pipeline of
this study provided a conventional quantification of each
Accumulibacter population (according to V4 and ppk1 data)
and other taxa (according to V4 data), we determined the co-
occurrence pattern between Accumulibacter populations and
the other bacteria based on their relative abundances.
Co-occurrence analysis for Accumulibacter
populations within bacterial community
Considering that unrelated samples compromise the robustness
of network analysis, we performed the network analysis based
on 37 datasets that were all derived from theMR orMR-derived
R1-R5. The V4 Otus that were annotated as Accumulibacter
were removed from the V4 Otu table and then merged with
the ppk1 Otu table. The Otus with low frequency (detected in
< 50% samples) and abundance (average of < 0.1% in total
bacteria or Accumulibacter for V4 and ppk1 Otu) were filtered
out before calculation correlation efficiencies. As shown in Fig.
5(a), Accumulibacter populations were involved in two separat-
ed clusters. Cluster I only comprised five Accumulibacter pop-
ulations (three from type I and two from type II), whereas cluster
II contained eight type II Accumulation populations along with
other bacterial taxa, such as the Otus annotated as
Plasticicumulans, Proteobacteria, Bacteroidetes, and
Verrucomicrobia. Intertype exclusivity was observed, but it
was not strict. Three and two Plasticicumulans-related Otus
exhibited positive and negative correlation with cluster II, re-
spectively (Fig. 5(a), (b)). Further examination of their se-
quences indicated that the former threePlasticicumulans-related
Otus were affiliated with theCompetibacter lineage, which nev-
er exceeded 3% of the total bacterial community (Table S2),
whereas the latter two dominating in the R1 samples were re-
lated to Plasticicumulans according to the phylogeny proposed
by McIlroy et al. (2014, 2015). The lineages of Cytophagaceae
and Prosthecobacter exhibited a similar phenomenon in which
the Otus of these taxa can positively and negatively co-occur
with Accumulibacter cluster II (Fig. 5(a), (b)).
Discussion
As an inexpensive approach, the HTS of ppk1 undoubtedly
provided a more comprehensive profile of Accumulibacter
diversity in samples than a clone library. The primer of
526R that was designed for HTS exhibited high coverage
among known Accumulibacter clades and suitable
population-level resolution. The 16S rRNA gene determined
the percentage of the total Accumulibacter, which helped in
the quantification of each population’s relative abundance.
rRNA-based quantification cannot reflect the exact cell num-
ber percentages without reliable copy number correction of
each Otus. However, considering that most Otus cannot be
accurately annotated at the species level in the rrnDB
(Stoddard et al. 2014), corrections were not performed in the
present study.
To our knowledge, all previous qPCR-based studies that
used clade-specific primers targeting ppk1 to quantify the cer-
tain clades did not cover all recognized 14 clades (Camejo
et al. 2016; Mao et al. 2015; Zhang et al. 2016) and the po-
tential biases introduced by primer coverage, undefined cross-
talking, and the presence of unrecognized clades. Generally, at
most tens of ppk1 representatives can be obtained from natural
systems and full-scale or laboratory-scale samples through
clone libraries (Mao et al. 2015; Peterson et al. 2008;
Watson et al. 2019). However, our results suggested that meth-
odological limitation can be a key to understanding the
population-level diversity of Accumulibacter, especially
intraclade variation. The clade-level diversity of
Accumulibacter should be higher than the currently designat-
ed catalogs (14 clades in total) because of the presence of the
remotely related sequences. Several sequences were incorrect-
ly removed due to their rareness and low similarities when
following the analytic pipeline.
Despite that high population-level diversity was observed
in all full-scale AS samples, the exclusive distribution manner
of type-level populations strongly suggested the niche differ-
entiation of the two types. This phenomenon was further par-
tially supported by our co-occurrence analysis. The metabolic
features of the two types have been proposed as denitrification
capability and adaptation on different phosphate concentra-
tions (Acevedo et al. 2012; Flowers et al. 2009; Nurmiyanto
et al. 2017; Welles et al. 2016). However, the evidence of full
denitrification capability by using nitrate as the electron ac-
ceptor for type I Accumulibacter has been challenged experi-
mentally and genomically, except for a special case of I-C
under microaerobic conditions (Camejo et al. 2019; Rubio-
Rincón et al. 2017; Skennerton et al. 2015). The WWTPs
involved in this study were also treated with common munic-
ipal sewage, with relatively low phosphate concentration
(commonly < 10mgL−1 in the influent). Thus, other unknown
niches can play important roles in the distribution of
Accumulibacter types I and II.
Continuous aeration can deteriorate EBPR activity and signif-
icantly decrease Accumulibacter (Ahn et al. 2007; Pijuan et al.
2006), although the P removal by Accumulibacter independent
of the anaerobic phase, was supported by a subsequent study
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(Nittami et al. 2011). Our results indicated that the deterioration
of EBPR activity in our experimental systems can be due to the
blooming of Plasticicumulans-related taxa. Plasticicumulans-re-
lated taxa are nontypical glycogen accumulating organism
(GAOs) only detected in aerobic systems (McIlroy et al. 2014;
McIlroy et al. 2015). Our results essentially supported the aerobic
lifestyle of this lineage. The C source preference between acetate
and propionate is clade specific. Our result was consistent with
the fact that clade II-C seemed to have priority on propionate and
metabolic flexibility compared with other clades (Nittami et al.
2017; Welles et al. 2017). Moreover, the Accumulibacter popu-
lations were insensitive to the block of nitrification–
denitrification process, which in turn supported the fact that the
denitrification contribution of PAOs is insignificant in common
EBPR systems (Camejo et al. 2019; Rubio-Rincón et al. 2017;
Zhao et al. 2019).
The co-occurrence and dynamic variation of the closely relat-
ed taxa are ecological adapted to change the environments
(Brazelton et al. 2010; Chafee et al. 2018). Unlike most natural
systems with dramatically and continuously changed physio-
chemical conditions, laboratory EBPR bioreactors were relative-
ly stable under macroscale. However, the dynamics of
Accumulibacter populations can be partially attributed to the mi-
croscale environment change, which was introduced by the ac-
tivities of overall microbial community. Few bacterial taxa that
exhibited co-occurring pattern withAccumulibacterwere discov-
ered by the proposed quantitative pipeline. These results can be
explained by either niche co-selection or microbial interactions.
Therefore, Cytophagaceae is occasionally reported in
Accumulibacter dominant bioreactors (Church et al. 2018; Law
et al. 2016). Its functions have not been characterized beside that
it seemed related to aeration condition (Law et al. 2016). One
potential explanation can be the environmental co-selective or
reverse-selective effect that caused its co-occurrence or negative
correlation with Accumulibacter in our dataset, instead of direct
interaction among microorganisms. However, strains from
Prosthecobacter in Verrucomicrobia have been extensively de-
tected with subdominant abundance in diverse laboratory EBPR
systems, thereby indicating their specific adaptation to a unique
niche (Gao et al. 2019; Garcia Martin et al. 2006; Lawson et al.
2015; Li et al. 2016). The roles that these strains played in the
system included GAO, PAO, and/or unknown functions that
require further investigation. Moreover, the widely investigated
Competibacter-related GAOs were previously believed to be
strict competitors of Accumulibacter (Oehmen et al. 2007). A
recent study proposed that Competibacter-related GAOs can co-
operate with Accumulibacter to realize simultaneous N and P
removal in bioreactors (Rubio-Rincón et al. 2017). Together with
our result that the subdominant Competibacter-related lineage
can statistically co-occur with Accumulibacter populations, our
findings increased interest in the examination of their metabolic
relationships rather than competition.
In conclusion, our study introduced a convenient pipeline
to profile the population-level diversity and dynamics of
ProteobacteriaAccumulibacter
Plasticicumulans Bacteroidetes
Planctomycetes Verrucomicrobia
Chlorobi Chloroflexi
a b
Fig. 5 Co-occurrence (a) and negative correlation (b) between
Accumulibacter populations and other bacterial taxa. The ppk1 Otus of
Accumulibacter and V4 Otus were affiliated with Plasticicumulans-
related lineage, and six phyla were present as the nodes with different
colors. The average abundance of all analyzed Otus were > 0.1% across
all 37 samples on average, including seven fromMR and 30 from R1–R5
bioreactors. The size of the node and the thickness of the arcs were
determined by the number of the extended edges and Spearman’s
correlation efficiency (> 0.7 for co-occurrence and ≤ 0.7 for negative
correlation, P < 0.01), respectively. The V4 Otu nodes were annotated
to the lowest taxonomy with a confidence level of > 80% in the Mothur
program
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Accumulibacter in the community. Its advantages lie in pro-
filing microdiversity of Accumulibacter beyond the clade lev-
el and provide a quantitative profile of each Accumulibacter
population and other microorganisms that can co-occur and
metabolically interact with Accumulibacter. A detailed infor-
mation of the precisive functional specificity and niche differ-
entiation in diverse Accumulibacter strains may be achieved
by applying the approach to a wide variety of AS samples
from full-scale WWTPs or laboratory reactors. The pipeline
can be transplanted for other key functional microorganisms
in natural and artificial systems.
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